Abstract. High voltage electron microscopic tomography was used to determine the organization of the kinetochore plate and its attachment to the underlying chromosome. Six reconstructions were computed from thick sections of Colcemid-treated PtKI cells and analyzed by a number of computer graphics methods including extensive thin slicing, three-dimensional masking, and volume rendering. When viewed en-face the kinetochore plate appeared to be constructed from a scaffold of numerous 10-20-nm thick fibers or rods. Although the fibers exhibited regions of parallel alignment and hints of a lattice, they were highly variable in length, orientation and spacing. When viewed in stereo, groups of these fibers were often seen oriented in different directions at different depths to give an overall matted appearance to the structure. When viewed "on edge" the plate was 35--40 nm thick, and in thin slices many regions were tripartite with electron-opaque domains, separated by a more translucent middle layer, forming the inner and outer plate boundaries. These domains were joined at irregular intervals. In some slices, each domain appeared as a linear array of 10-20-nm dots or rods embedded in a less electron-opaque matrix, and adjacent dots within or between domains often appeared fused to form larger blocks. The plate was connected to the underlying chromosome by less densely arrayed 10-20-nm thick fibers that contacted the chromosome-facing (i.e., inner) surface of the plate in numerous patches. These patches tended to be arrayed in parallel rows perpendicular to the long axis of the chromosome. In contrast to connecting fibers, corona fibers were more uniformly distributed over the cytoplasmic-facing (i.e., outer) surface of the plate. When large portions of the reconstructions were viewed, either en-face or in successive slices parallel to the long axis of the chromosome, the edges of the plate appeared splayed into multiple "fingers" that partly encircled the primary constriction. Together these observations reveal that regions of the kinetochore outer plate contain separate structural domains, which we hypothesize to serve separate functional roles. Our three-dimensional images of the kinetochore are largely consistent with the hypothesis that the outer plate is composed of multiple identical subunits (Zinkowski, R. P.,
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I
r~ the past, the kinetochore was viewed simply as the chromosomal attachment site for spindle microtubules (MTs) ~ during cell division (reviewed in Schrader, 1953; Rieder, 1982; Brinkley et al., 1989) . However, recent evidence reveals that the kinetochore is a functionallycomplex organelle that produces the force for poleward chromosome motion (Gorbsky et al., 1987; Nicklas, 1989; Rieder and Alexander, 1990) , while simultaneously holding its associated MT ends as they grow and shorten by subunit addition/deletion within its confines (Mitchison et al., 1986; Mitchison, 1988; Wise et al., 1991) . In view of this new evidence, a thorough understanding of kinetochore structure becomes important in elucidating the mechanism(s) by which this complex biological machine functions.
Kinetochore morphogenesis has been best described for mammalian cells (especially PtK: reviewed in Roos, 1973; Rieder, 1982) . During prophase, the kinetochore is a finelyfibrillar ball of material closely associated with the more electron dense heterochromatin of the forming primary constriction. After nuclear envelope breakdown, but before the acquisition of MTs, this ball differentiates into a disk-or plate-shaped structure that is attached to the underlying chromosome by a less opaque region traversed by thin fibers. In some preparations, that part of the chromosome subadjacent to the plate is more electron dense than the remainder of the chromosome. A moderately dense fibrillar "corona" radiates a variable distance from the cytoplasmic face of the plate. The plate diameter varies between species, but with few exceptions (e.g., Brinkley et al., 1984) it is similar between the chromosomes of a genome regardless of their size (usually 0.5-1.0 #m diana). Kinetochores of untreated ceils, which have not yet associated with spindle MTs, resemble those found in Colcemid-treated mitotic cells in which spindle assembly is inhibited (e.g., Rieder, 1982) .
Despite its central role in chromosome distribution, very little is known with certainty regarding the three-dimensional structure of the vertebrate kinetochore. Structural and compositional studies are complicated by its diminutive size and complex fibrillar construction which resembles that of the underlying chromatin (e.g., Earnshaw and Tomkiel, 1992) . The former makes the electron microscope the only available tool for studying kinetochore structure, while the latter necessitates the development of novel approaches for differentiating subtle structural differences in three dimensions. Indeed, the outer kinetochore plate has been examined in whole mounts of isolated chromosomes before (e.g., Moses and Counce, 1974) or after selective digestions (Rattner, 1986) , within serial-thin sections after various treatments (e.g., Brinkley and Stubblefield, 1970; Roos, 1977; Brinkley et al., 1980) , by stereo imaging of thick sections after various treatments (e.g., Ris and Witt, 1981) , and by SEM (Rattner, 1987) . These efforts have produced a number of conflicting models regarding the structural organization of the kinetochore plate (e.g., Roos, 1977; Ris and Witt, 1981; Rattner, 1986) .
Most recently Zinkowski et al. (1991) proposed that the kinetochore plate is constructed from repetitive MT-binding sites. These sites are envisioned to be composed of unique proteins and repeat satellite DNA sequences that arise from the heterochromatin of the primary constriction (Masumoto et al., 1989; Cooke et al., 1990) . Multiple units are envisioned to run the full width of the plate and be aligned in parallel register, perpendicular to the long axis of the chromosome. Although the model of Zinkowski et al. (1991) provides a straightforward mechanism for kinetochore evolution, its critical component concerns the structural organization of the outer plate which remains controversial.
Electron microscopic tomography, particularly when combined with high voltage EM, is emerging as an effective method for analyzing the three-dimensional ultrastructure of cellular components (Frank, 1992; McEwen, 1992; Woodcock, 1992) . For this approach, many different views of the structure are collected by tilting a thick section of the specimen within the electron microscope. After appropriate alignment and density normalization, the tilt series is used to compute a three-dimensional reconstruction according to well-established mathematical principles (Crowther et al., 1970; Gilbert, 1972; Frank and Radermacher, 1986) . The resulting reconstruction is a point-by-point three-dimensional density map of the structure, which can then be viewed from any angle and analyzed with a number of computer graphic tools.
In this study we present the three-dimensional ultrastructure of large segments of the kinetochore plate found in thick sections of mitotic mammalian cells depleted of spindle MTs by Colcemid treatment. These high-voltage electron microscopic (HVEM) tomographic reconstructions clearly demonstrate that the structure of the outer kinetochore plate is more complex than previously envisioned, and provide unique information regarding how this plate is attached to the underlying chromosome.
Materials and Methods

Cell Culture and Specimen Preparation
Actively growing PtKl ceils were incubated overnight in 1.0 #M Colcemid before fixation in 37~ glutaraldehyde (2% in 0.1 M PO4 buffer, pH 6.9) for 30 min. After this initial fixation the cultures were postfixed at 4"C in OsO4 (1% in buffer) for 15 min, dehydrated in a graded series of ethanols, and flat embedded in Epon-Araldite (e.g., see Jensen et al., 1987) . Selected mitotic cells were excised from the embedments, mounted on plastic pegs, and cut into serial 0.20-0.25-#m thick sections. The ribbons of sections were mounted in the middle of 1 • 2 mm Formvar-coated slot grids, and stained in uranyl acetate and lead citrate as described by Rieder et al. (1985) . After staining, each grid was briefly placed on a drop of diluted colloidal gold (15 nm) suspension in order to introduce fiduciary markers.
Electron Microscopy and Three-Dimensional Reconstruction
Three different tilt series of HVEM micrographs were recorded at 1.0 MV from sections containing kinatochores cut either parallel or perpendicular to the chromosomal long axis. All series were recorded at an initial magnification of 20,000 using the high-precision tilt stage designed for the Albany HVEM (Turner et al., 1988) . Two of these series were recorded on adjacent serial sections and in each series the angular increment was 2 ~ with a minimum range of +60 ~ Six of the kinetochore segments contained within these three tilt series were processed for tomography. All micrographs were digitized using an Eikonix EC 78/99 digital camera (Ektron Corp., Bedford, MA) with a pixel size of 3.5 nm.
The digitized images were rotationally aligned with the aid of gold fiduciary markers, using a least-squares based computer algorithm developed by Lawrence (Luther et al., 1988; Lawrence, 1992) , so that the tilt axis corresponded to the y (vertical) axis. Density normalization, translational alignment and weighted back-projection reconstruction were conducted as previously described by McEwen et al. (1986) and Frank et al. (1987) .
Reconstruction Analyses
As detailed in McEwen et al. 0986) all of the three-dimensional reconstructions were low-pass filtered to their limiting resolution of 12 nm as determined by the criterion of Crowther et al. (1970) and Radermacher's (1992) modification for objects that are much wider in the x-y plane than in section thickness. The computed reconstructions were then examined as single slices and volume renderings. The latter were created on either a PIXAR or Silicon Graphics IRIS VGX 4D/340 computer graphics workstation. Those computed on the PIXAR workstation used this company's own software while the renderings on the Silicon Graphics used (VoxelView Vital Images Inc., Fairfield, Iowa). All other operations used for computing and examining the reconstructions are contained in the SPIDER image processing software system developed by Frank et al. (1981) , and in implementation at the Albany Biological Microscopy and Image Reconstruction Biotechnological Resource (Albany, NY). Careful consideration was given to density thresholds and other parameters used to create the representations (see Frank et al., 1987; McEwen, 1992) . The thresholds utilized in this study were chosen to simplify viewing the volume. In regard to this, it is important to stress that the major conclusions of this study were verified over a wide range of thresholds.
For interactive three-dimensional masking operations (McEwen et al., 1992) a mouse was used to draw a line around the area of interest in each 3.5-rim thick slice of the three-dimensional reconstruction. For the present study this included the kinetechore outer plate, connecting filaments and corona material. The specified component was then extracted from the slice through the creation of an intermediate mask file. The material within consecutive masks was then stacked to form a new version of the threedimensional volume. Masked versions contained only the selected portion of the structure and could be rendered and viewed from any direction without interference from other components. Color-coded representations could be created by simultaneously placing different versions of the threedimensional reconstructions into separate color channels of the monitor. A volume could even be double-masked by applying two sets of masked files. Under this condition only regions contained in both masks were represented, i.e., only points of overlap. Because the operator must decide where the boundaries of the selected components lie in each individual slice, the masking procedure is inherently subjective. This was not a problem when isolating the outer plate, which had clearly-defined borders, or the corona, which was assumed to be all that material connected to and immediately distal to the cytoplasmic (outer) face of the plate. The fibers connecting the plate to the underlying chromatin were more problematic because it was not always clear whether material contacting the chromosomal (inner) face of the plate represented a significant connection to the chromosome. However, the major connections were readily identified and we are therefore confident that the results are a reasonable representation of the overall pattern.
Results
For this study we generated six tomographic reconstructions from 0.20-0.25-#m thick sections through four kinetochores. Three of these kinetochores are shown in the sequential sections pictured in Fig. 1, A and B. Two kinetochores (labeled 1 and 3, and 2 and 4 in Fig. 1, A and B) are sisters, cut perpendicular to the long axis of the chromosome, that are totally contained in, and followed through, three serial sections. The other two were reconstructed from single sections of separate kinetochores cut tangentially to the chromosomal long axis (e.g., 6 on Fig. 1 B) . For the following discussion the numbers assigned to the kinetochore profiles in Fig. 1 , A and B, are also used to identify the tomographic reconstruction of that profile. Because all of the reconstructions were similar in major details, our results will be illustrated primarily from reconstructions 1, 2, and 5.
A projection of tomographic reconstruction 1, in the same direction as the untilted view in Fig. 1 A, is shown in Fig.  1 C. There are some minor differences in appearance because the reconstruction volume was low-pass filtered to the limiting resolution of 12 nm and some gold fiducial particles were removed. However, all of the essential features of the kinetochore and chromatin from the equivalent portion of Fig. 1 A are retained in the reconstruction. This type of comparison provides a test for some, but not all, possible errors in the reconstruction process. When combined with similar test views from other directions, all of the reconstructions were found to be accurate representations of the input data.
The analysis of a tomographic reconstruction, especially of a structure as intricate as the kinetochore-centromere complex, is not straightforward because all available media for viewing the reconstruction are two dimensional. A convenient way to begin the analysis is to decompose the reconstruction volume into a stack of planes, or two-dimensional slices, which are one voxel (3.5 nm) thick. Thicker slices, such as the 10.5-rim slice shown in Fig. 1 D, can be constructed by summing individual adjacent slices. Many features can be followed through the depth dimension by simply viewing the stack sequentially as represented in Fig. 2 . For reconstructions 1, 2, 5 and 6, between 50-55 slices, 3.5-nm Figure 2 . A gallery of successive 7.0-rim thick slices from a subvolume of reconstruction 1. The gaUery traces through 105 nm of the full 185 um depth of the reconstruction volume. Arrows denote plate fragmentation that is detected by following the structure through different frames, whereas arrowheads indicate areas in individual slices where the plate appears tripartite. Bar, 0.25 #m.
thick, are required to fully represent that 185-nm thick part of the structure contained within the section.
Thin slices through a reconstruction provide detail not seen in projections through the whole structure (cf. Figs. 1, C and D, and 2). For example, the fibrous nature of the kinetochore plate and the underlying chromatin is much more evident in the thinner slices. The gallery of 7.0-nm thick slices presented in Fig. 2 reveals fragmentation in a portion, or window, of kinetochore 2. Moreover, it is evident from these views that the peripheral edges of the kinetochore plate, when viewed parallel to the long axis of the chromosome, are splayed into 50-70-nm thick segments of irregular lengths (e.g., arrowheads in Fig. 1 D, arrows in Fig. 2 ). This feature, which was found in all of our reconstructions, is easily visualized in volume renderings of masked plates, where the periphery is seen splayed into multiple fingers which in Figure 3 . Stereo volume renderings of a masked version of reconstruction 1. The three-dimensional reconstruction was masked (see Materials and Methods) in order to isolate the plate structure for more effective viewing. The mass density of the plate appears with reverse contrast to that in Figs. 1 and 2 (i.e., white instead of black). Note splaying at the peripheral edges. Bar, 0.25 #m. this kinetochore wrap partly around the primary constriction (Fig. 3) . Such a masking procedure was employed (see Materials and Methods) to form new versions of the reconstructions in which selected components could be viewed individually without interference from adjacent structures (e.g., Figs. 3 and 4) .
The types of connections seen between the outer plate and the subjacent chromosome are illustrated in Fig. 5 . The distribution of these 10-20-nm thick connections within reconstruction 1 is depicted by the color-coded three-dimensional volume renderings in Fig. 4 C, where the outer plate is orange, the connecting fibers green, and the overlap between the two yellow. Such renderings revealed that these connections occur both within the interior and at the periphery of the plate. The contact points between the connecting fibers and the inner surface of the outer plate could be depicted by double-masking the reconstructions as in Figs. 6, A and B. In all of the three reconstructions analyzed in this manner the connecting fibers were sparsely distributed over the inner surface of the outer plate to form ptmctate linear arrays that ran perpendicular to the long axis of the chromosome. A similar approach was used to view the distribution of corona fibers and the sites where they contact the outer plate surface (Figs. 4 D, 6 C). When compared with connecting fibers, the corona material is more extensive and distributed more randomly over the outer surface of the kinetochore plate.
The kinetochore outer plate is not rigid as evidenced by the fact that it is usually curved (e.g., Fig. 1 ), and sometimes even bent into acute angles (e.g., Fig. 7 A) . When viewed en face it appears composed of regions of greater and lesser density which impart an overall matted appearance (Fig. 4,  A and B) . Upon closer inspection the plate can be seen to contain an extremely complex array of irregular fibrillar elements. These elements range in diameter from 20 to <10 rim, with the exact thickness being uncertain because of the 12-nm resolution limit of our reconstructions. In stereo en face views (Fig. 4, A and B) , fibers in many regions of the plate are seen to be aligned into roughly parallel arrays which generally have a different orientation from fibers at other levels of the structure.
When viewed on edge, perpendicular or parallel to the long axis of the chromosome, the plate is 35--40-nm thick (Figs. 1, 2 , 7, and 8). When examined through a full gallery of thin slices, the substructure of the plate varies considerably depending on the slice (e.g., Fig. 2 ) and, to a lesser extent, the viewing perspective relative to the chromosome long axis. However, all views observed appear to be different arrangements of a basic unit fiber that is 10-20 nm in diameter. In some slices these fibers tend to form clusters of linearly aligned 30-70-nm dense beads or blocks that were separated by smaller translucent regions (e.g., Fig. 7 , C and D). This "block on a string" appearance is particularly evident when the plates are isolated by masking and then viewed on edge perpendicular to the chromosome long axis (arrows in Fig. 8) . In other slices, the fibers appear separately as opaque dots or short rods that are embedded in a slightly less opaque matrix (Figs. 5 B, 7 A and B, and 8) . The position of these elements with respect to one another is variable but in some sections they are aligned into rows that marked the top and bottom boundaries of the plate thickness (e.g., Figs. 
A, 8, A-C).
Finally, in portions of other slices, the plate is seen to be structured as two largely continuous dense parallel fibrils, 10-20-nm thick, that are separated from each other by a more translucent region of similar or greater thickness (e.g., Fig. 2 , 7, E and F). This tripartite composition is also evident when plates are isolated by masking, and then viewed on edge (arrowheads in Fig. 8 A-D) .
A poorly defined inner plate, which is slightly more dense than the remainder of the chromatin, is sometimes seen associated with the chromosome surface beneath the outer plate. This structural feature is occasionally visible on the original electron micrographs (e.g., Fig. 1 B, kinetochore  4) , but more clearly evident in some thin slices through the reconstructions (e.g., Figs. 5 A, 7, A and C) . Because the focus of our work was on the outer plate and its associated structures, little emphasis is placed on detailing the structure of this feature.
Discussion
With few exceptions the unattached (i.e., MT-free) kinetochore plate in vertebrates is considered to be 30-40-nm thick (Brinkley and Stubblefield, 1966; Krishan, 1968; Roos, 1973; Ris and Witt, 1981) and to be composed of numerous unique proteins (e.g., Comptom et al., 1991; Zinkowski et al., 1991 ; see however Earnshaw and Tomkiel, 1992) which are bound to an extensive fibrous scaffold. Most investigators consider the fibers comprising this structure to be 10-20-nm thick (Brinkley and Stubblefield, 1966; Krishan, 1968; Roos, 1973; Ris and Witt, 1981 ; see however Rattner, 1986) , and to be arranged parallel within the plate as a single layer (e.g., Ris and Witt, 1981; Rattner, 1986; Zinkowski et al., 1991) . Although our studies confirm that the primary structural scaffold of the outer plate is based on a 10-20-nm thick fiber, our electron microscopic tomographic reconstructions reveal that the organization of these fibers is considerably more complicated than previously modeled.
Our major findings regarding the three-dimensional structure of the kinetochore outer plate are interpreted schematically in Fig. 9 . In summary, the outer plate is composed of 10-20-nm diam fibers, or rods, that are often roughly parallel. These elements are generally oriented in different directions on the two surfaces of the plate and this imparts an overall matted appearance to the structure (Figs. 4, A and B, 9) . In regions where the fibers are closely associated, they appear fused into larger blocks while in regions where the fibers are more separated, the plate appears tripartite and even discontinuous (e.g., Figs. 2, A-D , 7 Eand F, 8, 9) . The tripartite regions effectively divide many areas of the plate into three separate structural domains: one that faces the chromosome, another that is destined to face the spindle pole, and a more electron translucent layer in between. Our conclusion that the outer plate is trilamellar is not without precedent. Many investigators have noted that the outer plate "consists of two bands approximately 150/~ wide, and joined at irregular intervals" (Roos, 1973) or "two apparent subunits which are 100 A wide and separated by a 50-60 ,~ space" (Krishan, 1968 ; see also Brinkley and Stubblefield, 1966; Comings and Okada, 1971; Ris and Witt, 1981; Bernat et al., 1991) . Inde~l, although we now know that the vertebrate kinetochore outer plate is organized as a plate or "disk; its tripartite nature led Stubblefield (1966, 1970) to originally model this organelle as two "fibrils rather than tubules or laminated platesY Unfortunately, the tripartite nature of the outer plate has been largely overlooked in recent years as evidenced by the fact that it is not a feature of any contemporary models of kinetochore structure. Yet, considering the functional complexity of the outer plate, this feature may be important to kinetochore function. Many of the MTs which firmly connect each chromosome to the polar region and transmit the force for chromosome motion, terminate in the kinetochore outer plate (reviewed in Rieder, 1982 Rieder, , 1990 Brinkley et al., 1989) . Tubulin microinjection studies reveal that these kinetochore MTs elongate and shorten, as the chromosome moves, by the addition and deletion of subunits at the kinetochore (Mitchison et al., 1986; Wise et al., 1991) . Thus, the kinetochore is a complicated structure that is capable of holding its associated MTs while they switch between growing and shrinking states. Recent in vitro evidence also suggests that the kinetochore contains two separate MT-based molecular motors: one for moving the chromosome poleward (e.g., see Rieder and Alexander, 1990; Wordeman et al., 1991) and another for moving the chromosome away from the pole (Hyman and Mitchison, 1992) . It is tempting to speculate that the separate structural domains inherent in a tripartite structure represent domains of separate function. For example, proteins associated with the fibers forming the outer domain could be responsible for holding the MTs, subunit exchange could occur within the middle translucent zone, and molecular "switches" controlling MT growth and shortening could be located in the domain closest to the chromosome. Moreover, although the motor for poleward motion is likely associated with the corona material extending from the plate (Rieder and Alexander, 1990; Wordeman et al., 1991) , the molecules that allow newly incorporated MT segments to translocate poleward through the kinetochore, which is often coupled with movement away from the pole (see Mitchison, 1988 Mitchison, , 1989 Wise et al., 1991) , may be complexed to the holding site within the outer domain.
With the exception of the hypothesis proposed by Roos (1977) , all contemporary models for kinetochore organization envision the outer plate to be connected to the subjacent chromosome by fibers entering and exiting the plate only at its peripheral edges (Ris and Witt, 1981; Rattner, 1986; Zinkowski et al., 1991) . However, our data indicate that these connections are not restricted to the edges of the plate, but that they are distributed across its inner surface often in punctate linear arrays aligned perpendicular to the long axis of the chromosome (Figs. 5, A-C, 6 A and B, 9 ). This is consistent with the notion that the fibers that form the plate and connect it to the chromosome arise at multiple ordered points along the surface of the underlying (hetero) chromatin. Zinkowski et al. (1991) recently proposed that the outer kinetochore plate is formed from "a continuous DNA fiber 9 . . that [is] folded and aligned into parallel register y The parallel linear units formed by the looping fiber are envisioned to run perpendicular to the chromosome long axis, an arrangement that reflects the underlying organization of satellite DNA in the primary constriction. As might be predicted from such a model, we find that the outer plate is attached to the underlying primary constriction by contacts arranged in linear arrays, perpendicular to the chromosome long axis (Figs. 6, A and B, 9) . In addition, the plate often appears to be composed of multiple linear fibrils, 50-70 nm wide, that splay apart at its edges (e.g., Figs. 2 and 3 ). In accordance with this finding the plate, when viewed on edge and perpendicular to the chromosome long axis, often appears segmented into multiple unit blocks, each of which likely represents a close association of neighboring 10-20-nm thick fibers (Figs. 7, C and D, 8) . Thus, although our reconstructions clearly show that the fibers comprising the outer plate are not arranged in the orderly fashion predicted by Zinkowski et al. (1991) , many of our findings are consistent with their hypothesis that the plate consists of "similar repetitive subunits" ,',,60 nm in width.
As illustrated by the schematic diagram in Fig. 9 , the structure of the kinetochore outer plate is not easy to comprehend. The difficulty arises from a curious mixture of order and randomness within its confines. On the one hand, the thickness of the plate is uniform (e.g., Figs. 1, 2) , its Figure 8 . Selected 3.5-nm slices from a masked and windowed version of reconstruction 1. This is the same version as presented in Fig. 4 B but viewed here as thin slices from a direction that is edge on and perpendicular to the chromosomal long axis. Arrowheads indicate regions where the tripartite composition of the plate is visible whereas arrows denote 30-70-nm beads/blocks. Bar, 0.10/zm. boundaries on both the chromosome and cytoplasmic facing surfaces are distinct (e.g., Figs. 2, 5, 7, 8) , and connections between the plate and chromosome are arranged in a somewhat orderly array (Fig. 6 ). Yet, despite local regions of parallel alignment and hints of a lattice structure, there is no readily discernible pattern to the overall arrangement of the 10-20-nm unit fibers (e.g., Figs. 4, A and B, 9) . Spacing between fibers varies from where two or more fibers are fused together, to where there are remarkably wide gaps in the plate structure (Figs. 4 A, 7, B-D, 8) , with a similar degree of variation in the apparent fiber lengths observed in en face views (Fig. 4, A and B) . Furthermore, the plate periphery is not tightly bound but tends to fray apart in the direction along the long axis of the chromosome. Finally, the third boundary of the structure (perpendicular to the chromosomal long axis but in the plane of the plate) is often indistinct making it difficult to determine exactly where the plate ends (e.g., Fig. 7 D) . Thus, earlier models of the outer Figure 9 . Schematic interpretation of the kinetochore outer plate structure as determined from our reconstructions. The illustrations depict the information in a single 185-nm thick section cut from the center of the kinetochore disk, perpendicular to the chromosomal long axis. (Left) En face view depicting a plausible arrangement of 10-20-nm thick unit fibers. Although there are small regions of parallel alignment and hints of a lattice, the fibers are generally variable in their orientation, apparent length, and spacing. In some regions two or three fibers form larger bundles whereas in other regions, large gaps are seen in the structure. The plate frays into three 60-nm wide "fingers" in a direction perpendicular to the chromosomal long axis. (Right) Edge view at higher magnification. In addition to the 10-20-nm fibers of the outer plate, the corona fibers and fibers connecting the plate to the underlying chromosome are also illustrated. The latter are spaced ",,60 nm along the long axis of the chromosome. Due to their variable orientation, fibers in the outer plate appear either as solid circles (when viewed head on) or as lines (when viewed from the side in some regions). In some regions, the fibers fuse into clusters whereas elsewhere there are apparent gaps in the structure. The space between fibers is not empty but filled with a lighter staining amorphous material presumed to be associated proteins. All bars, 0.10 ~m. plate structure that postulated an ordered arrangement of fibers (Ris and Witt, 1981; Ratmer, 1986; Zinkowski et al., 1991) are easier to comprehend but have proved to be an oversimplification.
A semi-ordered arrangement of unit structures is present in several other cellular components including 30-nm chromatin fibers and MTs. The former maintain a reasonably uniform diameter without a regular arrangement of nucleosome subunlts (Woodcock et al., 1991 , whereas the latter have a helical lattice but with discontinuities (McEwen and Edelstein, 1980) and the number of protofilaments can vary (Burton et al., 1975) even along a single MT (Chrttien  et al., 1992) . For chromatin fibers reduced order may be attributed to the variable length of linker DNA between nucleosomes (personal communication, C. L. Woodcock, University of Massachusetts), while in MTs it presumably arises because the interactions between protofilaments are much weaker than those along protofilaments. The kinetochore outer plate is analogous to the chromatin fiber because both exhibit one uniform dimension without a discernable pattern of subunit arrangement. However, the outer plate also resembles MTs in that there must be a relatively strong interaction in one direction to keep the plate thickness constant, with weaker interactions in the plane of the plate that allow for a semi-random arrangement of fibers and fragmentation of the structure. Finally, like chromatin fibers and MTs, the kinetochore outer plate is a flexible structure (e.g., Fig. 7 A) and it is possible that introducing a degree of randomness is a common way of achieving flexibility in biological structures.
As the kinetochore acquires MTs, poorly characterized structural changes occur in the outer plate: its diameter shrinks significantly and the corona disappears (reviewed in Rieder, 1982) . Our current tomographic reconstructions provide important novel information regarding how the unattached kinetochore plate is organized at a resolution limit of •12 nm. Ongoing development of unlimited tilt stages (Barnard et al., 1992) , image restoration techniques (Carazo, 1992), and volume visualization software promise to provide better resolution and enhance the effectiveness of the technique. In the future we intend to combine these more accurate approaches to data collection and processing with improved specimen preparation procedures (i.e., high pressure freezing followed by substitution) to obtain a more comprehensive picture of kinetochore structure and how it changes as it acquires its associated MTs.
